We present the results of multi-epoch very long baseline interferometry (VLBI) water (H 2 O) maser observations carried out with the VLBI Exploration of Radio Astrometry (VERA) toward the Cepheus A HW3d object. We mea- 
Introduction
The last decade has seen a lot of efforts toward understanding how massive stars form and evolve. The fact that massive stars have a very significant impact on the evolution of the interstellar medium of galaxies, with strong influences in their environments (through strong winds, expanding HII regions, UV radiation, supernova explosions), and sometimes activating other star formation events, underscore the importance of this research. However, it is still among the most poorly understood topics in the field of astronomy. This is mainly because massive stars form in highly obscured mediums, thus, making it very difficult to observe them in their early phases. In addition, they evolve quickly (formation timescales of ∼ 10 5 yr), and form in distant clusters and associations, therefore hard to isolate single high-mass stars for their study (see reviews by e.g., Hoare & Franco 2007; McKee & Ostriker 2007; Zinnecker & Yorke 2007) . Based mostly on theoretical simulations, different attempts have been made in proposing the formation scenarios of massive stars. There are mainly three proposed scenarios; massive star formation through the merging of less massive stars (Bonnell, Bate, & Zinnecker 1998) , competitive accretion in a protocluster environment (Bonnell & Bate 2006) , and gravitational collapse involving high-rate, disk-assisted accretion into the core which helps to overcome radiation pressure (Yorke & Sonnhalter 2002; McKee & Tan 2003; Krumholz et al. 2005 Krumholz et al. , 2009 ).
With high brightness temperatures exceeding 10 10 K and compact nature, H 2 O masers have proven to be very useful in astrophysical studies using very long baseline interferometry (VLBI) with milliarcsecond (mas) angular resolution, particularly in identifying present sites of high-mass star formation in molecular clouds for studying the very vicinity of massive young stellar object (YSO) candidates (e.g., Genzel et al. 1981; Torrelles et al. 2001a Torrelles et al. , 2003 Imai et al. 2002; Goddi et al. 2005 Goddi et al. , 2006 Moscadelli et al. 2006; Vlemmings et al. 2006; Surcis et al. 2011) .
In this paper, we report the results of nine epochs of H 2 O maser observations toward the Cepheus A (Cep A) high-mass star-forming region using the VLBI Exploration of Radio Astrometry (VERA). We adopt the distance to Cep A to be ∼ 700 pc (Johnson 1957 , Moscadelli et al. 2009 , Dzib et al. 2011 . We focus mainly on HW3d in Cep A, one of the 16 radio continuum objects discovered by Hughes & Wouterloot (1984) , and located ∼ 3 ′′ south from the brightest radio continuum source in the region, HW2. HW2 clearly harbors a massive YSO in it, which is indicated by the observations of a jet and a disk, intense magnetic fields, and powerful H 2 O masers (Rodríguez et al. 1994; Patel et al. 2005; Curiel et al. 2006; Jiménez-Serra et al. 2007; Torrelles et al. 2007 Torrelles et al. , 2011 Vlemmings et al. 2010 ). On the other hand, the observational properties are not so clear in the case of the other HW objects. In fact, Garay et al. (1996) , through multifrequency Very Large Array (VLA) radio continuum observations, argued that some of the HW objects are internally excited by a YSO, while others are externally shock-excited at the interface between winds of other YSOs and molecular clumps in the region. HW3d is one of the objects that was proposed to be excited internally by its own YSO, on the basis that the radio continuum emission presents an elongated structure with positive spectral index, which is suggestive of a thermal jet nature. Hughes, Cohen, & Garrington (1995) also supported it on the basis of its association with strong hydroxyl (OH) and H 2 O maser emission (Cohen et al. 1984 ), although they did not find evidence for outflow activity in this object. The evidence for outflow activity is now presented in this paper through our VERA H 2 O maser observations, giving a conclusive support that the HW3d object is internally excited by a massive YSO. The data reduction was made with the National Radio Astronomy Observatory (NRAO)
Astronomical Image Processing System (AIPS) package using standard procedures. The instrumental delay calibration was made with the scans on the calibrators. The fringe fitting and self-calibration procedures were performed for a Doppler velocity channel including a bright maser spot (velocity component) in the HW3d region of Cep A. Their solutions were applied to all the data and then the map of the maser clusters were made. The CLEANed image cubes of the maser source were created using the beam that was synthesized from naturally weighted visibilities. The typical size of the synthesized beam was ∼ 1.3 mas.
The H 2 O maser image cubes were made with a cell size of 0.2 mas.
Because we carried out self-calibration procedure using a bright maser spot in the defined as clusters of maser spots or velocity components and each feature position was defined from the brightness peak of the feature (for identification method, see Imai et al. 2002) .
We adopted special procedures to measure the absolute coordinates of the detected There was no maser feature consistently identified in all the epochs which could be used as a reference position, therefore we adopted the following method to trace individual maser features at as many successive epochs as possible. Firstly, from any two adjacent epochs, we calculated the mean coordinate offset of the maser features at the second epoch with respected to that at the first epoch using only the maser features that were detected at both epochs. Secondly, these mean offsets were referred with respect to the earliest epoch taken on May 13, 2006. Then, these offsets were subtracted from the coordinates originally used in the individual epochs (see Torrelles et al. 2001b ). In so doing we were able to register all maser feature maps and obtain a reference frame whose spatial stability at all epochs depends on that of the maser feature distribution. The map origin of the reference frame is very close to a quasi-stationary maser feature in HW3d (Feature 15 in Table 2 ). We tested the stability of the reference position offset using the Feature 15 (seen at the same position within 1 mas and at the same LSR velocity; see Appendix) identified at 5 epochs.
The estimated proper motion in the reference frame is µ x ∼ 0.001 (mas yr −1 ) and µ y ∼ 0.003 (mas yr −1 ), and the standard deviation of the offset coordinates of the maser feature is 0.02 mas in Right Ascension and 0.05 mas in Declination. All maser offset positions in this paper are given with respect to the derived reference position offset.
VLA Archive Data
In order to compare the masers imaged from our VERA observations with the radio continuum emission of HW3d, we retrieved data from the VLA archive. We found a 1. 
Continuum Emission in HW3d
We detected H 2 O maser clusters corresponding to all the sub-regions R1-R8 around HW2, previously reported by Torrelles et al. (2011) , as well as maser clusters associated with HW3d. In this paper, we will concentrate on the results obtained toward HW3d, presenting for the first time H 2 O maser proper motion measurements in this object.
The VLA 2006 data turned out to be very useful because they also allowed us to explore the variability of HW3d by comparing these observations with those of VLA 1995 reported in Torrelles et al. (1998) . Figure 1 shows the VLA 1.3 cm continuum map obtained from the 2006 data, showing the HW2 radio jet, the HW3c and the HW3d objects, which are located ∼ 3 ′′ south from HW2. In what follows, we will concentrate on the HW3d object. The main properties of the HW2 thermal radio jet and the HW3c object can be found in Rodríguez et al. (1994) and Garay et al. (1996) . Figure 2 shows the distribution and the relative proper motions of the H 2 O maser features around HW3d superposed on the VLA 1.3 continuum map of this object. The accuracy in the absolute position of the maser feature estimated from the astrometric data analysis is better than 1 mas. On the other hand, the accuracy in the absolute position of the continuum emission observed with the VLA is estimated to be ∼ 50 mas. We find that the H 2 O maser features are distributed on a linear structure of ∼ 400 mas (280 AU) in size, well aligned with the elongation direction of the radio continuum emission of HW3d
(∼ 500 mas in total length). Within this linear structure, we identify three main clusters of masers, one located at the center position (hereafter C cluster), and the other two in opposite directions with respect to the center, at ∼ (-170 mas, +40 mas) (hereafter NW cluster) and ∼ (+220 mas, -80 mas) (hereafter SE cluster), respectively. The maser proper motions of these three groups of masers indicate the presence of a bipolar outflow moving outward from the central positions along the major axis of the radio continuum emission.
In fact, while the masers of the NW cluster are moving toward the northwest, those of the SE cluster are moving toward the southeast. These bipolar motions are also observed in the masers of the central cluster at scales of ∼ 4 mas (see Figure 2 and Table 2 ). The spatial distribution of the masers and the mean value of the proper motions without considering the turbulent central cluster (∼ 6 mas/yr or ∼ 21 km s −1 ) indicate that in HW3d there is a collimated bipolar outflow driven by an internal (probably) massive YSO that we propose to be located very close to the central position of cluster C. The fact that this cluster has the highest radial velocity dispersions (∼ 20 km s −1 ; Table 2 ) of all the observed maser clusters in HW3d, also supports this C cluster as the main center of activity containing a driving YSO. The estimated dynamical time-scale of this outflow is ∼ 100 years. The fact that the radio continuum emission of HW3d is elongated along the direction of the outflow masing motions suggests a radio jet nature for this object, supporting the interpretation given by Garay et al. (1996) based on spectral index measurements.
There is in addition a fourth group of masers located at ∼ (+135 mas, -39 mas), but their proper motions toward the north-west (see Fig. 2 and Table 2 ) cannot be explained within a single bipolar outflow scenario excited by a single YSO close to the (0,0) position.
The possibility of multiplicity of YSOs in this region is considered in §4. We estimated the opening angle of the outflow using the deconvolved size of the radio jet of HW3d (∼ 325 × 99 mas), giving a value of ∼ 30 • .
Position and Velocity Variance/Covariance Matrix Analyses of the HW3d
H 2 O Maser Spatio-kinematics
We carried out the position and velocity variance/covariance matrix analyses of the H 2 O maser spatio-kinematics to test the existence of an outflow in the H 2 O maser region.
The positional and kinematical essentials were extracted using the position and velocity variance/covariance matrix (PVVCM) diagonalization technique (Bloemhof 1993; 2000) for the whole maser feature proper motions. We estimated the uncertainties associated with the derived eigenvectors and eigenvalues from their standard deviations calculated from the Monte Carlo simulation for the VVCM diagonalization using velocity vectors randomly distributed around the observed values within their estimated errors (Imai et al. 2006 ).
This technique is not a model fitting approach, having no free parameters. It is a fully objective, analytic tool, generally composed of the following elements;
where i and j denote the two dimensional space axes in the case of position, or three orthogonal space axes in the case of velocity. n is the n-th maser feature in the collection The position angles and inclinations are derived from the eigenvectors obtained from the diagonalized matrices. As examples, the diagonalized matrices of one PVCM and one VVCM are shown below while the results are presented in Table 3 .
We applied Eq. 1 in two spatial dimensions using • for PVCM and VVCM analyses, respectively) within the error estimated from VVCM (see Table 3 ) indicates the existence of an outflow whose major axis is aligned with the major axes of the PVCM and VVCM.
The ratio of the second largest eigenvalue to the smallest eigenvalue characterizes the degree of transverse asymmetry in the maser outflow kinematics. The corresponding eigenvector to the second largest eigenvalue ν ⊥ (connotes a principal axis in the perpendicular plane) gives some significant information about the outflow. The factor of three between the second largest eigenvalue and the smallest one indicates an azimuthally asymmetric collimated structure, and the cross section transverse to the main axis is an ellipsoid elongated in the direction of the eigenvector corresponding to the second largest eigenvalue. Such azimuthal asymmetry is found in the bipolar outflow in HW3d, in which ν ⊥ lies at position angle of 33
• and makes an inclination angle of 1 • with the sky plane, pointing away from the observer.
Properties of the Outflow
In order to test the originating point of the outflow exciting the surrounding H 2 O maser features, we performed the least-squares method for the model-fitting analysis as presented by Imai et al. (2000 Imai et al. ( , 2011 . This fundamentally involves the minimizing of the squared sum of the difference between the observed and model velocities, S 2 .
where N m is the number of maser features with measured proper motions, N p the number of free parameters in the model fitting, a 0 = 4.74 km s −1 mas −1 yr kpc −1 a conversion factor from a proper motion to a linear velocity, and d the distance (∼ 700 pc) to the maser source from the Sun, respectively. µ ix and µ iy are the observed proper motion components in the R.A. and declination directions, respectively, σ µ ix and σ µ iy are their uncertainties, u iz the observed LOS velocity, and σ iz its uncertainty. For simplicity we assume a spherically expanding outflow. The modeled velocity vector, w i (w ix , w iy , w iz ), is given as
where V 0 (v 0x , v 0y , v 0z ) is the systemic velocity vector of the outflow,
and
Eq. 6 satisfies the following constraint; the obtained position minimizes the value of S 2 ,
In this model, each maser feature is radially moving from a common originating point of the outflow with an expansion velocity, V exp (i), which is approximated by Table 4 gives the parameters of the best-fit model. This fitting, considering the errors (within 2 sigma), is fully consistent with the origin of the bipolar outflow being at the position of the C H 2 O maser cluster supporting our interpretation given in §3.1 that the C cluster is the main center of activity containing a driving YSO. Table 4 ).
Nevertheless, we cannot discard that some of these negative V exp are due to infalling motions. In fact, to produce these infalling motions of ∼ 10 km s −1 at distances of 0.15 ′′ (105 AU), a central binding mass of ∼ 12 M ⊙ would be necessary, which is not an unlikely value (a B3 star has been proposed to explain the radio continuum emission of HW3d; Garay et al. 1996) . Alternatively, we also cannot discard that these masers, specially those at (+135 mas, -39 mas) are excited by a close YSO other than the driving source at the center (see below, §4).
Discussion
Our The internal exciting source is probably a massive YSO (B-early star) to account for both the observed high intensity of the H 2 O masers (up to ∼ 100 Jy for individual maser features) and the radio continuum emission (∼ 10 mJy at 1.3 cm; e.g., Hughes & MacLeod 1993 , Hughes, Cohen, & Garrington 1995 , Garay et al. 1996 , this paper). These characteristics are also seen in HW2, which has already been identified as a massive YSO (Patel et al. 2005; Torrelles et al. 2011) , and indicate that during the process of the formation of this likely massive YSO, a "YSO-jet" system has been formed, similar to what happens in the formation of low-mass stars.
However, not all the observed properties of HW3d can be explained with just a single YSO. In fact, the VERA observations show a cluster of H 2 O masers located at ∼ (+135 mas, -39 mas), with proper motion vectors that do not fit within the bipolar expanding motions outward from the center ( § § 3.1, 3.2, and Fig. 2 ). Another YSO might in principle be responsible for the excitation of the masers in that cluster. In addition, and most importantly, by comparing the HW3d 1.3 continuum emission observed in two epochs (1995 and 2006) with similar angular resolution (∼ 0.1 ′′ ), we see that this source is variable in its total flux density(∼ 9 mJy [1995] , ∼ 6.9 mJy [2006] ), and on the other hand that the position of its peak emission has changed by ∼ 0.2 ′′ between these two epochs. We find that this position shift is highly significant, in particular when considering that the peak emission of the other two nearby objects HW2 and HW3c have not changed in position in these two epochs within ∼ 10 mas in right ascension and declination (see Fig. 1 ). In the case that there was only a single exciting source, then the shift in the position of the continuum emission could be the result of the proper motion of the YSO. However, this would correspond to a YSO velocity of ∼ 65 km s −1 . Such a high velocity for the proper motion of the YSO itself is quite unlikely, thus buttressing the likelihood of the two continuum peaks representing two different YSOs in close proximity and high flux density variability. Alternatively, the change in the peak position could be due to internal proper motions of clumps in the jet with flux density variations. This radio continuum variability of HW3d was also previously reported by Hughes, Cohen, & Garrington (1995) , which also invoked the presence of different variable YSOs to explain the main characteristics of the object.
This scenario can be tested with high-angular sensitive EVLA, and SMA (sub)mm observations to trace the dust continuum emission and molecular gas around the possible different YSOs associated with HW3d, and possible proper motions of the radio jet. These observations would also be very valuable to elucidate the nature of the YSO(s) (mass, dust and gas contents), and in particular to detect and study the expected circumstellar disk around the driving source of the compact bipolar outflow observed with VERA. The fact that in Cep A (the second closest high-mass star forming region after Orion) we have two very close "YSO-jet" systems, HW2 and HW3d (separated in the sky by ∼ 3 ′′ , ∼ 2100 AU),
gives a unique opportunity to study their possible different properties in terms of the mass and evolution of the massive systems.
Summary
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